This paper studies joint device-to-device (D2D) group association and channel assignment in uplink multi-cell non-orthogonal multiple-access (NOMA) networks. Particularly, the goal is to assign D2D groups to cellular user channels at each base-station, while accounting for negative network externality due to the interference caused by pairing a user with a D2D group. To that end, a multi-objective signal-tointerference-plus-noise ratio (SINR)-maximizing power allocation solution procedure is proposed to determine the optimal power allocation for each (D2D group, user) pair, while meeting qualityof-service (QoS) requirements. After that, the joint D2D group association and channel assignment problem is modeled as a student-project allocation with preferences over (student, project) pairs matching problem. More specifically, two polynomial-time complexity stable matching algorithms are proposed to pair D2D groups with users, and associate them with base-stations. Simulation results are presented to evaluate the proposed matching algorithms when combined with the devised solution procedure, and compare them to a joint D2D group association, channel assignment and power allocation (J-GA-CA-PA) scheme. More importantly, the proposed algorithms are shown to efficiently yield comparable SINR-per user and D2D receiver-to the J-GA-CA-PA scheme, while maintaining QoS requirements.
underlay manner in cellular networks [1] , [2] . Specifically, D2D communication approaches have allowed cellular and D2D-enabled devices to share spectrum resources, yielding improved energy and spectral efficiency gains over conventional cellular networks [3] , [4] . Hence, D2D communications are expected to significantly improve capacity and support massive connectivity of future 5G cellular networks [5] . On the other hand, an emerging multiple-access technique, namely non-orthogonal multiple-access (NOMA), has recently been proposed to enhance spectral efficiency, reduce latency, and improve fairness and connectivity for next generation cellular networks by allowing multiple users to share the same spectrum simultaneously [6] . More specifically, NOMA allows several users to use the same resource block (e.g. time-slot, sub-carrier or spreading code) by exploiting channel gain differences through power-domain multiplexing. By utilizing successive interference cancellation (SIC), the throughput of users with poor channel conditions can concurrently be improved along with users with better channel conditions; ultimately improving the network throughput in comparison to orthogonal multiple access (OMA) [7] . Hence, incorporating NOMA into D2D communications allows D2D transmitters to share network resources to communicate with multiple D2D receivers in an underlaid fashion so as to enhance network sum-rate, while simultaneously serving cellular users. Most of the published literature on NOMA assumes single-cell networks; however, multi-cell scenarios are considered more realistic, and more importantly, more complex due to the interplay between multiple cells [8] . Thus, it is essential to consider resource allocation for underlaid D2D communications in multi-cell NOMA networks, while guaranteeing quality-of-service (QoS) for cellular users as well as D2D receivers.
Recently, several research works have considered resource allocation in single-cell NOMA-based D2D communications. For instance, [9] introduces the concept of a "D2D group", where a D2D transmitter (DT)-utilizing uplink NOMA transmission-communicates with multiple D2D receivers (DRs) simultaneously. Specifically, the target is to maximize network sum-rate by allowing multiple D2D groups to reuse the same user sub-channel, while satisfying signal-tointerference-plus-noise (SINR) constraints for D2D as well as cellular users. The formulated problem happens to be NP-hard, and thus a many-to-one low-complexity matching algorithm is proposed to obtain a sub-optimal solution within a limited number of iterations. It has been demonstrated that the proposed NOMA-based D2D framework achieves near-optimal network sum-rate. In [10] , NOMA-based D2D group communication is studied, where the DRs are ordered according to their QoS requirements, while incorporating two power allocation policies. It has been shown that the proposed QoS-based NOMA scheme yields lower outage probability than that with OMA. In [11] , the authors study power control and channel assignment in single-cell D2D communication underlaying a NOMA cellular network, with the aim of maximizing the sum-rate of D2D pairs while guaranteeing QoS of the NOMA-based cellular users. Optimal power allocation conditions for cellular users are first derived, and then a dual-based iterative algorithm is proposed, yielding considerable D2D sum-rate gains over conventional OMA. User clustering and power assignment for a single-cell downlink NOMA network with underlay D2D users is considered in [12] . Specifically, the aim is to maximize network sum-rate by optimizing user clustering and power allocation, while providing interference protection to cellular users. The formulated problem is a mixed-integer non-convex problem, and thus is decomposed into two sub-problems. The first "user clustering" sub-problem is modeled as a matching game, and solved sequentially via two low-complexity algorithms. The second "power assignment" sub-problem is addressed using the complementary geometric programming and the arithmetic-geometric mean approximation, where a low-complexity solution is devised. After that, an iterative joint algorithm is proposed, and shown to achieve performance gains in terms of the average sum-rate in comparison to general NOMA, OFDMA, and D2D schemes. Joint sub-channel and power allocation for NOMA-enhanced D2D communication is considered in [13] , where the objective is to maximize network sum-rate in an uplink single-cell NOMA network. The sub-channel assignment is formulated as a many-to-one matching problem, and a matching algorithm is devised. Additionally, sequential convex programming is applied to iteratively update power allocation to cellular users and D2D receivers. After that, joint sub-channel assignment and power allocation is performed, and shown to approach the exhaustive-search method in terms of network sum-rate.
It should be noted that matching theory has recently attracted much attention in the wireless literature for resource allocation in cellular networks. For instance, in [14] , a novel approach for cell association is proposed based on the users' locations and proximity to the small-cell base-stations. Moreover, a stable user-cell association is obtained via a manyto-one deferred acceptance (DA) mechanism, which has been shown to reach a stable matching solution and achieve significant performance gains. In [15] , the authors consider context-aware resource allocation in OFDMA-based smallcell networks, and formulate it as a two-sided one-to-one matching game between D2D-enabled user equipments (UEs) and resource blocks (RBs), while capturing both wireless and social metrics. The proposed self-organizing algorithm has been shown to offload larger amount of traffic than the context-unaware scheme, and with manageable complexity. In [16] , joint spectrum allocation and power control for sum-rate maximization in NOMA-based heterogenous networks (HetNets) is considered. Specifically, the interaction between small base-stations (SBSs) and RBs is modeled as a two-sided many-to-one matching game. In addition, the power control at each SBS is solved iteratively via a sequential convex programming approach. It has been demonstrated that the proposed NOMA-based HetNets yield higher network sum-rate than conventional OMA-based HetNets. Joint sub-channel assignment, power allocation and user scheduling is studied in [17] . Particularly, a many-to-one two-sided usersubchannel stable matching game is proposed, which has been shown to outperform various orthogonal and non-orthogonal multiple access schemes.
This paper studies the problem of joint D2D group association and channel assignment in uplink multi-cell NOMA networks. Particularly, the aim is to associate D2D groups with base-stations, and pair them with cellular users (with pre-assigned channels), such that the SINR of each user and D2D receiver satisfies QoS requirements. In turn, a joint D2D group association, channel assignment and power allocation (J-GA-CA-PA) scheme is formulated, and shown to be computationally-expensive. Therefore, an iterative solution procedure for multi-objective SINR-maximizing power allocation (SP-MO-SINR-MAX-PA) per (D2D group, user) pair is proposed, which takes into account the interference caused by each paired user at the D2D receivers, and also the interference caused by the D2D transmitter at each paired user. Moreover, the proposed solution procedure is utilized to determine the preference of each D2D group over the potential users within each cell, and also the preference of each base-station over the potential (D2D group, user) pairs. In turn, a stable matching solution based on the student-project allocation with preferences over (student, project) pairs (SPA-(S,P)) problem is considered [18] . Specifically, the lecturers are base-stations that have preferences over (D2D group, user) pairs, where the D2D groups resemble the students, while the users resemble the projects. Then, two stable matching algorithms with polynomial-time complexity are proposed, namely D2D group-oriented stable matching (DG-SM), and the base-station-oriented stable matching (BS-SM), which take into account the maximum number of D2D groups to be associated with each base-station [19] . Furthermore, the proposed DG-SM and BS-SM algorithms yield D2D group association and channel assignment stable matchings, such that no D2D group or base-stations would unilaterally change its association or channel assignment. Simulation results are presented to evaluate the performance of the proposed matching algorithms-when combined with the SP-MO-SINR-MAX-PA-and compare them to the J-GA-CA-PA scheme. It is illustrated that the proposed algorithms are computationallyefficient, and yield comparable SINR-per cellular user and D2D receiver-to the J-GA-CA-PA scheme, while maintaining QoS requirements.
To the best of the authors' knowledge, no prior work has applied the SPA problem with preferences over (D2D group, user) pairs, and augmented it with a multi-objective SINR-maximizing power allocation solution procedure for D2D-enabled uplink multi-cell NOMA networks. Hence, the main contributions of this work can be summarized as follows 1 :
• Devised an iterative solution procedure to solve the multi-objective SINR-maximizing power allocation problem of each (D2D group, user) within each base-station. • Modeled the D2D group association and channel assignment problem in uplink multi-cell NOMA networks as a SPA problem with preferences over (D2D group, user) pairs. • Proposed two polynomial-time complexity stable matching algorithms to associate D2D groups with base-stations and pair them with user channels, so as to obtain D2D group-optimal and base-station-optimal stable matching solutions. • Formulated the J-GA-CA-PA problem, and compared it with the proposed stable matching algorithms, which are shown to efficiently (i.e. with low-complexity) associate D2D groups with base-stations and cellular user channels, and yield comparable SINR-per cellular user and D2D receiver-to the J-GA-CA-PA scheme, while maintaining QoS requirements.
In the rest of this paper, Section II presents the system model, while Section III outlines the joint D2D group association, channel assignment and power allocation problem formulation. The multi-objective SINR-maximizing power allocation per (D2D group, user) pair is devised in Section IV. The stable matching algorithms are proposed in Section V, while the simulation results are presented in Section VI. Finally, the conclusions are drawn in Section VII.
II. SYSTEM MODEL
In this section, the network model is presented along with the signal transmission model of the cellular users and D2D groups. Table I summarizes the main notations used in this paper.
A. Network Model
Consider an uplink multi-cell NOMA network with a set of N cellular users U = {U 1 , . . . , U n , . . . , U N }, which are scattered within the coverage area of Q base-stations (BSs). In particular, the set of BSs is denoted B = {BS 1 , . . . , BS q , . . . , BS Q }. Moreover, let U q ⊂ U be the subset of users associated with base-station BS q . In addition, let C = {C 1 , . . . , C n , . . . , C N } be the set of N orthogonal channels that are pre-assigned to the cellular users (i.e. |U| = |C|, where | · | denotes the cardinality of the parameter set). Also, let C q be the set of channels available at BS q , such that C 1 , . . . , C q , . . . , C Q partition C (i.e. C q ∩ C w = φ for 1 A shorter version of this paper has been accepted for publishing in the Proceedings of the 2019 IEEE Wireless Communications and Networking Conference (WCNC) [20] . 2 For convenience, let C n ∈ C q be the channel pre-allocated to user U n ∈ U q . Furthermore, it is assumed that there is a set of M D2D groups, denoted D = {D 1 , . . . , D m , . . . , D M }, where each D2D transmitter DT m of D2D group D m communicates underlying the cellular network, by sending a superimposed signal to the receivers within its group (see Fig. 1a ). For convenience, let D q ⊂ D be the set of D2D groups within the coverage area of BS q . Since some D2D groups may fall within the overlapping region of multiple cells, then let ξ q be the maximum number of D2D groups to be associated with a base-station BS q , for BS q ∈ B. Additionally, the total transmit power per channel C n ∈ C q of each base-station BS q must not exceed P , ∀BS q ∈ B.
Remark 1: Without any loss of generality, and to reduce SIC complexity, delay and interference, it is assumed that there are two NOMA receivers within each D2D group D m , namely DR m1 and DR m2 , respectively, ∀D m ∈ D (see Fig. 1b ) [13] . More importantly, it is assumed that at most one D2D group D m ∈ D q can be assigned to any user channel C n ∈ C q , ∀BS q ∈ B. The instantaneous channel between cellular users, base-stations and D2D transmitters and receivers is assumed to follow narrowband Rayleigh fading with zero-mean N 0variance additive white Gaussian noise (AWGN). Specifically, let h n,q ∼ CN 0, σ 2 n,q and h n,mt,q ∼ CN 0, σ 2 n,mt,q be the channel coefficient of cellular user U n ∈ U q to BS q over channel C n ∈ C q , and the channel coefficient of D2D transmitter DT m to BS q over channel C n ∈ C q , respectively, with σ 2 n,q = d −ν n,q and σ 2 n,mt,q = d −ν mt,q being the corresponding channels gains; while d n,q and d mt,q are the respective distances, and ν is the path-loss exponent.
Similarly, let f n,mt,mr j ,q ∼ CN 0, σ 2 n,mt,mr j ,q be the channel coefficient between D2D transmitter DT m and D2D receiver DR mj (for j ∈ {1, 2}) over channel C n ∈ C q , with corresponding channel gain σ 2 n,mt,mr j ,q = d −ν mt,mr j , with d mt,mr j being the respective distance. Lastly, let z n,mr j ,q ∼ CN 0, σ 2 n,mr j ,q be the channel coefficient between user U n ∈ U q and D2D receiver DR mj , such that σ 2 n,mr j ,q = d −ν n,mr j , for j ∈ {1, 2}, with d n,mr j being the respective distance.
B. Transmission Model
The received signal at BS q over channel C n ∈ C q is expressed as y n,q = P n,q h n,q x n,q + Dm∈Dq I n,m,q P n,m,q χ n,mt,q h n,mt,q + η n,q , (1) where η n,q is the AWGN sample at base-station BS q , while P n,q and P n,m,q are the transmit powers of user U n ∈ U q , and D2D group D m ∈ D q , respectively. In addition, x n,q is the signal of user U n ∈ U q , while χ n,mt,q is the transmitted superimposed signal by DT m , written as χ n,mt,q = a n,mr 1 ,q x n,mr 1 ,q + √ a n,m2,q x n,mr 2 ,q , (2)
where a n,mr 1 ,q + a n,mr 2 ,q ≤ 1. Moreover, x n,mr 1 ,q and x n,mr 2 ,q are the signals intended for D2D receivers DR m1 and DR m2 , respectively, whereas a n,mr 1 ,q and a n,mr 2 ,q are the corresponding power allocation coefficients. On the other hand, I n,m,q is a binary decision variable given by
In turn, the SINR of user U n ∈ U q is determined as [13] γ n,q = P n,q |h n,q | 2
Remark 2: Since each user U n ∈ U q can be paired with at most one D2D group over channel C n ∈ C q , then Dm∈Dq I n,m,q ≤ 1. In addition, the maximum number of D2D groups to be associated with a base-station BS q must satisfy
Lastly, a D2D group D m ∈ D can only be paired to at most one user/channel across all base-stations (i.e.
BSq∈B
Cn∈Cq I n,m,q ≤ 1). Remark 3: The total power constraint over each channel must be satisfied, according to P n,q +
where η n,mr j ,q is the AWGN sample at DR mj . Based on the principle of NOMA, and for notational convenience, assume that DR m2 is the receiver with the worse channel conditions than DR m1 . In turn, for DR m2 to be able to decode its signal, and for DR m1 to remove DR m2 's signal and decode its own signal, then the following constraint must be satisfied [11] , [13] S n,m,q |f n,mt,mr 1 ,q | 2 P n,q |z n,mr 2 
Thus, the SINR at DR m2 -when it decodes its own signal-is obtained as γ n,mr 2 ,q = |f n,mt,mr 2 ,q | 2 P n,m,q a n,mr 2 ,q |f n,mt,mr 2 ,q | 2 P n,m,q a n,mr 1 ,q + P n,q |z n,mr 2 
while the resulting SINR of DR m1 -when it decodes its own signal-is determined as γ n,mr 1 ,q = |f n,mt,mr 1 ,q | 2 P n,m,q a n,mr 1 ,q P n,q |z n,mr 1 
Due to the interference caused by the D2D transmitter DT m at the cellular user U n , and by user U n at the D2D receivers DR mj (for j ∈ {1, 2}), it is essential to maintain qualityof-service (QoS) requirements at each cellular user and the associated D2D receivers, as
whereγ TU andγ TDR are the target minimum SINR per user and D2D receiver, respectively.
III. JOINT D2D GROUP ASSOCIATION, CHANNEL ASSIGNMENT AND POWER ALLOCATION PROBLEM FORMULATION In this work, the aim is to jointly associate D2D groups with base-stations, assign them to user channels, and optimally allocate power. Moreover, the objective is to simultaneously maximize the SINR of each user U n ∈ U q and each D2D receiver DR mj (for j ∈ {1, 2}) subject to the target minimum SINR per user and D2D receiver. Thus, the joint D2D group association, channel assignment and power allocation (J-GA-CA-PA) problem is formulated as a multi-objective mixed-integer programming problem, as follows J-GA-CA-PA:
BSq∈B Cn∈Cq
(10g) a n,mr 1 ,q + a n,mr 2 
and
In problem J-GA-CA-PA, constraint (10a) enforces the total transmit power per channel, while constraint (10b) ensures that the total number of D2D groups assigned per user channel C n ∈ C q (U n ∈ U q ) does not exceed one. Constraint (10c) ensures that the total number of D2D groups associated with each base-station BS q does not exceed ξ q , while constraint (10d) ensures that no D2D group is paired to more than one user channel. Constraint (10e) ensures if D2D group D m is paired with user U n over channel C n , then the SIC decoding order of the D2D receivers is preserved. Constraint (10f) ensures that if a user is paired to a D2D group, then the target minimum SINR must be satisfied. Constraint (10g) ensures that the target minimum SINR for each D2D receiver is satisfied if the D2D group D m is paired to user U n (i.e. I n,m,q = 1). Constraint (10h) ensures that the sum of power allocation coefficients of the D2D receivers does not exceed one if the D2D group D m is paired to user U n over channel C n (i.e. I n,m,q = 1), and zero otherwise. The last four constraints define the range of values the decision variables take. 3 Remark 4: Problem J-GA-CA-PA is non-convex and NP-complete [23] , [24] , and thus is computationallyexpensive. Moreover, maximizing the SINR of user may degrade the SINR of the D2D receivers (and vice versa). However, the minimum SINR constraints ensure sufficient QoS for all paired users and D2D groups. Nevertheless, the solution of problem J-GA-CA-PA is Pareto-optimal [25] .
Based on Remark 4, the problem of joint D2D group association, channel assignment and power allocation is decoupled into two sub-problems: (1) multi-objective power allocation per (D2D group, user) pair, and (2) many-to-one stable matching.
IV. MULTI-OBJECTIVE SINR-MAXIMIZING POWER ALLOCATION PER (D2D GROUP, USER) PAIR
In this section, the aim is to determine the optimal multi-objective SINR-maximizing power allocation for each D2D group D m ∈ D q when paired with a certain user U n ∈ U q over channel C n ∈ C q within each cell/base-station BS q ∈ B. In particular, let the multi-objective SINR-maximizing power allocation (MO-SINR-MAX-PA) be defined as 4 MO-SINR-MAX-PA:
where the constraints are as in problem J-GA-CA-PA; however, limited to each user U n ∈ U q within each base-station BS q . Remark 5: Problem MO-SINR-MAX-PA is still non-convex and NP-complete [23] , [24] .
Alternatively, problem MO-SINR-MAX-PA can be solved efficiently for each (D2D group, user) pair. To that end, let
(15d) a n,mr 1 ,q + a n,mr 2 
where P m n,q is the transmit power of user U n ∈ U q when paired with D2D group D m ∈ D q , while γ m n,q is the corresponding SINR.
Remark 6: The SINR function γ m n,q can be verified to be a linear-fractional (LF) function in P m n,q , ∀U n ∈ U q . However, the SINR functions γ n,mr j ,q (for j ∈ {1, 2}) (in (7) and (8)) are non-linear fractional functions in P n,m,q and a n,mj ,q ,
To linearize problem R-MO-SINR-MAX-PA (Φ Φ Φ n,m,q ), defineP n,mr j ,q P n,m,q a n,mr j ,q , for ∀j ∈ {1, 2}, where 0 ≤P n,mr j ,q ≤ P n,m,q , ∀j ∈ {1, 2}. Additionally, since a n,mr 1 ,q + a n,mr 2 ,q ≤ 1, thenP n,mr 1 ,q +P n,mr 2 ,q ≤ P n,m,q . Consequently and based on (4), (7) and (8), constraints (15c) 5 All binary decision variables are eliminated from γn,q, since a specific combination of (D2D group, user) pair is considered. and (15d) are re-expressed as P m n,q |h n,q | 2 ≥γ TU P n,m,q |h n,m,q | 2 + N 0 ,
where all the constraints are linear, and all SINR functions are LF functions, which also happen to be pseudo-linear functions (i.e. both pseudo-convex and pseudo-concave) [26] , [27] . Problem R-MO-SINR-MAX-PA (Φ Φ Φ n,m,q ) can now be solved via a parametric approach [28] , [29] . Particularly, the SINR function γ m n,q of each user U n ∈ U q attains its maximum when the transmit power of the D2D group D m ∈ D q is nulled (i.e. P n,m,q = 0, and P m n,q = P ), as
Similarly, the SINR γ n,mr 2 ,q for DR m2 is maximized when P m n,q = 0, andP n,mr 1 ,q = 0, yieldinḡ
Lastly, the SINR of DR m1 is maximized as
Consequently, the maximized SINR valuesγ m n,q andγ n,mr j ,q (for j ∈ {1, 2}) can be expressed in parametric form as [29] Γ m n,q P m n,q |h n,q | 2 −γ m n,q P n,m,q |h n,m,q | 2 + N 0 ,
and Γ n,mr 1 ,q |f n,mt,mr 1 ,q | 2P n,mr 1 ,q −γ n,mr 1 ,q P m n,q |z n,mr 1 ,q | 2 + N 0 , (25) respectively. Thus, problem R-MO-SINR-MAX-PA (Φ Φ Φ n,m,q ) is transformed into its parametric form as [28] , [30] 
which can be verified to be a linear programming (LP) problem. Therefore, it can be efficiently solved via any standard optimization package [31] . Lemma 1: The optimal solution to problem P-R-MO-
Proof: The proof in [30] is tenable to our work. To determine the SINR of each D2D group D m ∈ D q and user U n ∈ U q when paired over a channel C n ∈ C q , the following solution procedure is devised. Specifically, the goal is to iterate over all possible combinations in Φ Φ Φ n,q , and solve problem P-
Upon convergence of the solution procedure, each D2D group D m determines the sum of SINR values of its receivers when paired with user U n ∈ U q , as Υ n,m,q J n,m,q · γ n,mr 1 ,q + γ n,mr 2 ,q ,
where J n,m,q is a binary indicator function set as J n,m,q = 1 if problem P-R-MO-SINR-MAX-PA (Φ Φ Φ n,m,q ) is successfully solved and all constraints are satisfied, and J n,m,q = 0 otherwise. More specifically, if user U n or any D2D receiver DR mj (for j ∈ {1, 2}) cannot meet the target minimum SINR, then J n,m,q = 0. On the other hand, for each base-station BS q ∈ B, the sum of SINR values resulting from pairing user U n ∈ U q with D2D group D m ∈ D q is determined as Ψ n,m,q J n,m,q · γ m n,q + γ n,mr 1 ,q + γ n,mr 2 ,q . (28) The proposed solution procedure for multi-objective SINRmaximizing power allocation (SP-MO-SINR-MAX-PA) per (D2D group, user) pair of each base-station BS q ∈ B is given in Algorithm 1. Finally, the obtained Υ n,m,q and Ψ n,m,q values ∀U n ∈ U q , ∀D m ∈ D q and ∀BS q ∈ B are used to determine the preference lists of the D2D groups and base-stations used in the proposed stable matching algorithms to obtain stable matching solutions with preferences over (D2D group, user) pairs. Remark 7: If no D2D group is paired with user U n ∈ U q over channel C n ∈ C q , then P n,q = P and hence γ n,q = P |h n,q | 2 /N 0 .
Remark 8: If J n,m,q = 0 (i.e. Υ n,m,q = 0) for any D2D group D m ∈ D q , then user U n ∈ U q is considered unacceptable to that D2D group. In a similar manner, if Ψ n,m,q = 0, then the pair (D m , U n ) is considered unacceptable to base-station BS q ∈ B. Remark 9: The greater the value of Υ n,m,q is, the more preferred is user U n ∈ U q to D2D group D m ∈ D q . In a similar manner, the greater the value of Ψ n,m,q is, the more preferred the pair (D m , U n ) is to base-station BS q ∈ B.
Remark 10: The SP-MO-SINR-MAX-PA can be executed locally at each base-station BS q ∈ B, and involves at total of |U q | · |D q | iterations, in each of which a LP problem is efficiently solved. Therefore, SP-MO-SINR-MAX-PA can be executed with minimal computational complexity.
Remark 11: The proposed solution procedure eliminates the need for swap-operations employed in [13] , [16] , [17] , which were used to ensure stability after executing the matching algorithm and power allocation, due to the resulting inter-user interference and possible violation of the QoS constraints. Specifically, the SP-MO-SINR-MAX-PA determines the optimal power allocation per (D2D group, user) pair, and simultaneously takes into account the interference at the cellular user as well as the D2D receivers, while maintaining QoS requirements. That is, the preference lists are based on optimized power allocation and contain only acceptable users and (D2D group, user) pairs. This in turn significantly reduces signaling and communication overheads as well as computational complexity.
V. STABLE MATCHING WITH PREFERENCES OVER (D2D GROUP, USER) PAIRS
In the classical student-project allocation (SPA) matching problem, the aim is to associate students with lecturers, who offer projects to students. Each lecturer has a quota representing the maximum number of students he/she can supervise, whereas each project offered by each lecturer can be assigned to one or more students [18] . Also, each lecturer has preferences over the potential students, while each student has preferences over the offered projects. Consequently, and based on the students' and lecturers' preferences, the goal is to find a stable matching of students and projects offered by each lecturer, while satisfying the lecturers and projects quotas. In many instances, a lecturer may prefer a student to work on a certain project. In turn, in this work, a modified version of the SPA matching problem is considered-namely, SPA with preferences over (student, project) pairs-where each student has preferences over the available projects, while each lecturer has preferences over (student, project) pairs [19] . By analogy, the students represent the D2D groups, while the projects are the available cellular user channels, and the lecturers are the base-stations. More importantly, each D2D group has preferences over the acceptable cellular users, while each base-station has preferences over the acceptable (D2D group, user) pairs, and the aim is to associate D2D groups with users of each base-station, such that a stable matching is obtained.
An instance of SPA-(D2D group, user) consists of a set of D2D groups D, a set of users U, and a set of base-stations B. More formally, the following definitions are required. Definition 3 (Preference): If D2D group D m prefers user U n to U l (i.e. Υ n,m,q > Υ l,m,q for n = l), then U n Dm U l . Similarly, if base-station BS q prefers the pair (D m , U n ) to (D w , U l ) (i.e. Ψ n,m,q > Ψ l,w,q for n = l and m = w), then
A. Definitions Definition 1 (Acceptability):
is the most (least) preferred by base-station BS q ∈ B.
Definition 5 (Projected Preference List):
The projected preference list P n BSq of base-station BS q ∈ B is obtained from P BSq by deleting all the pairs that do not find U n ∈ U q acceptable.
Definition 6 (Subscription): Any U n ∈ U q is said to be under-subscribed, full, or over-subscribed if |M (U n ) | is less than, equal to, or greater than one, respectively. Also, BS q ∈ B is said to be under-subscribed, full, or over-subscribed, if |M (BS q ) | is less, equal to, or greater than ξ q , respectively. Definition 7 (Matching): An assignment M ⊂ D × U is called a matching if:
(a) For each user U n ∈ U, |M (U n ) | ≤ 1.
is associated with at most ξ q D2D groups in matching M, while each user U n ∈ U can be paired with at most one D2D group D m ∈ D, and vice versa.
Definition 8 (Blocking Pair): The pair (D m , U n ) ∈ D×U \ M is said to block a matching M if [19] :
(c.1) U n is under-subscribed, and either:
with D w being the worst D2D group in M (U n ), and either:
Definition 9 (Stable Matching):
A matching M is said to be stable if it admits no blocking pair.
B. Algorithms Description
This subsection describes the D2D groups-oriented stable matching (DG-SM), and base-stations-oriented stable matching (BS-SM) algorithms, 6 which are adapted from [18] , [19] .
1) D2D Groups-Oriented Stable Matching:
In the DG-SM algorithm, all D2D groups are initially set to be free, and all the users and base-stations are assumed to be completely unsubscribed. In each iteration, a free D2D group is assigned to the first preferred user on its preference list. This results in a temporary assignment between D2D groups, users and basestations, which may be broken later when a user or base-station becomes over-subscribed. Additionally, some entries in the preference lists of D2D groups and base-stations may be deleted when a user or a base-station becomes full. In particular, deleting a pair (D m , U n ) during the execution of the DG-SM algorithm constitutes deleting user U n from the preference list of D2D group D m , and deleting the pair (D m , U n ) from the preference list of base-station BS q . Moreover, if any user U n ∈ U q becomes full during the execution of the DG-SM algorithm, then it may only become under-subscribed again if base-station BS q becomes over-subscribed, and one of its assignments with U n is broken [19] . Furthermore, if a base-station BS q becomes full during the execution of the algorithm, then it never becomes under-subscribed again. The DG-SM algorithm is outlined in Algorithm 2.
2) Base-Stations-Oriented Stable Matching: As in the DG-SM algorithm, the BS-SM algorithm starts initially by setting all D2D groups free, while assuming all users and base-stations to be completely unsubscribed. Then, the algorithm finds the first unpaired D2D group/user (D m , U n ), where U n and its associated base-station BS q are both undersubscribed. If such pair is found and D m is already paired with another user U l , the pair (D m , U l ) is first broken before the new pair (D m , U n ) is assigned, and all pairs inferior to the pair (D m , U l ) are deleted from BS q 's preference list. This process repeats until convergence to the M BS stable matching solution. The BS-SM algorithm is listed in Algorithm 3.
C. Properties

1) Convergence to a Stable Matching Solution: Lemma 2:
The DG-SM and BS-SM algorithms converge in a finite number of iterations to a stable matching.
Proof: The proof is approached by showing that: (i) any execution of any of the algorithms terminates with a matching in a finite number of iterations, (ii) no blocking pair is deleted during an algorithm execution, and (iii) the algorithm execution admits no blocking pair, and hence the generated matching is stable [18] .
In DG-SM, condition (i) holds since in each iteration a free D2D group applies to its most preferred user. Also, since no D2D group can apply to the same user twice, due to the deletion of corresponding (D2D group, user) pair, a matching is guaranteed to emerge after a number of iterations, limited by the aggregate D2D group preference lists. Condition (ii) is proved by showing that a deleted pair, during the algorithm execution, can neither satisfy (c.1) nor (c.2) of the blocking pair definition (i.e. Definition 8). Finally, condition (iii) is established from the fact that any blocking pair of the generated matching either contradicts with condition (i) if it is deleted, or contradicts with condition (ii) otherwise. Hence, a blocking pair is never admitted by any arbitrary execution of the algorithm [19] .
In BS-SM, condition (i) holds because in each iteration, a D2D group is either provisionally assigned to a new user, or to a better user than the currently assigned one until the loop condition is never met; whereas condition (ii) is guaranteed since any blocking pair deleted during an execution must contradict with (b) in Definition 8. Lastly, the algorithm's stability (i.e. condition (iii)) is proved by contradiction as follows. Assuming a (D2D group, user) pair blocking the matching generated by an arbitrary execution as guaranteed by condition (i), this pair is not deleted according to (ii). However, this can be shown to contradict with both of (c.1) and (c.2) of Definition 8, and this completes the proof.
2) Complexity: Lemma 3: The DG-SM and BS-SM algorithms have polynomial-time complexity of O (|U| · |D|), where |U| and |D| are the total number of users and D2D groups in the network, respectively.
Proof: It can be easily verified that in the worst-case scenario of the DG-SM algorithm, each free D2D group D m ∈ D with a non-empty preference list applies to at least one user in the user set U. Additionally, during the execution of the algorithm, some (D2D group, user) pairs may be deleted and their entries in the preference lists of the corresponding D2D groups and base-stations are deleted. Consequently, the worst-case complexity of the DG-SM algorithm is O (|U| · |D|). A similar argument also applies to the BS-SM algorithm.
In fact, the complexity of both algorithms is much lower than O (|U| · |D|), since D2D groups can only apply (and potentially be paired) to users within the cell it falls into, and each base-station can only associate D2D groups and pair them to users within its cell.
3) Optimality: Lemma 4:
The stable matching obtained via the DG-SM (BS-SM) algorithm is optimal with respect to each paired D2D group (base-station).
Proof: The optimality of the stable matching achieved by DG-SM-in the sense that D2D groups obtain their best matching compared to any other stable matching, and that any unassigned group is unassigned in any stable matchingcan be shown to hold as follows. First, the fact that no stable pair is deleted during an execution of the algorithm must be established, where a stable pair is one that is part of some stable matching [18] . This property is proved by showing that the first stable pair (D m , U n ) deleted due to U n becoming full, entails the existence of a more preferred pair by BS q -the base station offering U n -than the worst D2D group in any matching M DG that involves (D m , U n ). Since such matching is always blocked, this contradicts the fact that the deleted pair was a stable pair. Likewise, when (D m , U n ) is blocked because BS q becomes full, it can be shown that a pair must always exist to block M DG . Hence, a stable matching in which each D2D group is allocated its first preference, where no stable pair is deleted, is optimal.
On the other hand, the matching M BS formed by BS-SM has a weaker optimality notion, whereby each base-station prefers its assigned pairs to those obtained in any other matching M BS with a different set of allocated pairs. The proof is tackled by showing that a one-to-one mapping func- [18] . The mapping is iteratively constructed by considering a pair (D m , U n ) ∈ M BS (BS q ) that is preferred by BS q to at least one pair in M BS (BS q ). To avoid blocking M BS , U n must be fully-subscribed in M BS with pairs whom BS q prefers to (D m , U n ). Thus, there must be a pair (D w , U n ) / ∈ M BS (BS q ) which is in turn mapped to (D m , U n ) in X . After mapping all such pairs, all dominated pairs in M BS (BS q )which are worse than every pair in M BS (BS q )-can be arbitrarily mapped to the remaining pairs in M BS (BS q ). Hence, BS q (∀BS q ∈ B) must prefer M BS to M BS , and this completes the proof.
Remark 12: The proposed stable matching algorithms ensure network stability. Particularly, stability refers to the case where no D2D group or base-station wishes to deviate and change its pairing/assocation. This in turn minimizes communications overheads and delays, and ensures stable network connectivity. Remark 13: The proposed stable matching algorithms pose a trade-off between optimality (in terms of resulting SINR per user and D2D receiver), complexity, and stability in comparison to the J-GA-CA-PA scheme. In other words, some of the global optimality is lost due to the enforced stability across all base-stations and (D2D group, user) pairs, but in return for much lower computational complexity. Last-butnot-least, the resulting D2D group association and channel assignment by the J-GA-CA-PA scheme is not necessarily stable, as it strictly aims at maximizing the SINR of all users and D2D receivers, irrespective of their stability.
VI. SIMULATION RESULTS
This section evaluates the performance of the proposed DG-SM and BS-SM algorithms when combined with the solution procedure SP-MO-SINR-MAX-PA, and are respectively denoted SP-DG-SM and SP-BS-SM for short. The network is assumed to have Q = 3 base-stations, N = 9 cellular users, and M = 6 D2D groups, located as illustrated in Fig. 2 , where the D2D receivers are located within 2.5m from each D2D transmitter. The cellular user subsets associated with each base-station BS q (for q ∈ {1, 2, 3}) are U 1 = {U 1 , U 2 , U 3 }, U 2 = {U 4 , U 5 , U 6 }, and U 3 = {U 7 , U 8 , U 9 }, respectively, where each user is allocated a dedicated channel. Additionally, the D2D groups that fall within the coverage area of each base-station are given by
Thus, the potential (D2D group, user) pairings and base-station associations 7 are summarized in Table II .
Furthermore, the transmit power per user channel is set to P = 1 W, with noise variance N 0 = 10 −7 W, and path-loss exponent is ν = 3. The target minimum SINR per user is set to 8γ TU = 15 dB, ∀U n ∈ U, while that for each D2D receiver is set toγ TDR = 5 dB, ∀D m ∈ D. The randomly generated channel coefficients are assumed to be quasi-static throughout the network operation, and are averaged over 5 × 10 3 independent network instances. Moreover, the following scenarios are considered: Scenario 1: ξ q = 1, ∀BS q ∈ B. Scenario 2: ξ q = 3, ∀BS q ∈ B. In the above two scenarios, each base-station can be associated with at most one and three D2D groups, respectively. Thus, it would be expected that in the best-case scenario, at most three D2D groups may be paired with users under Scenario 1, but all six D2D groups may be paired with users under Scenario 2, provided the target minimum SINR constraints are satisfied. In addition, the two suggested scenarios aim at investigating the effect of increasing the number of D2D groups to be associated with each base-station on the resulting SINR of the users and D2D receivers, the percentage of D2D association with each base-station, the percentage of identical stable matching solutions, the network sum-rate, and the number of iterations of the proposed stable matching algorithms. Last-but-not-least, the J-GA-CA-PA scheme 9 is compared to the SP-DG-SM and SP-BS-SM schemes.
Remark 14: If a D2D group in any simulated network instance is not paired to a user channel (and thus not associated with a base-station), then the SINR at its receivers is set to zero. Fig. 3 illustrates the average SINR per cellular user under Scenarios 1 and 2 for the SP-DG-SM and SP-BS-SM schemes, and in comparison to the J-GA-CA-PA scheme. It is clear that all users satisfy the target minimum SINR ofγ TU = 15 dB under the aforementioned scenarios and schemes. More importantly, the SINR of each user under each matching algorithm is comparable to that under the J-GA-CA-PA. Remarkably, average SINR per user under the J-GA-CA-PA is never worse than any of the SP-DG-SM and SP-BS-SM, since it aims at maximizing the SINR of all cellular users and D2D receivers simultaneously without any bearing on stability (as per Remark 13) . It is also noted that under Scenario 2, the average SINR per user is lower than under Scenario 1. This is due to the fact that under Scenario 8 The target minimum SINR threshold per cellular user is set to be higher than that of the D2D receivers, since cellular users are assumed to have higher transmission priority, and thus must maintain higher QoS. 9 The J-GA-CA-PA scheme is solved via MIDACO [34] , with tolerance set to 0.001. 2, more D2D groups are associated (paired to) with each base-station (user) on average. In turn, the available transmit power per user channel is shared more often between the D2D groups and users in Scenario 2 than in Scenario 1, and hence the reduction in the average SINR value per cellular user.
The average SINR of D2D receiver DR m1 (i.e. the D2D receiver with better channel conditions), ∀D m ∈ D, is illustrated in Fig. 4 . It is evident that under Scenario 1 for both the SP-DG-SM and SP-BS-SM schemes and the J-GA-CA-PA scheme, DR m1 for D2D groups D 1 , D 2 , D 3 , and D 5 satisfy the target minimum SINR ofγ TDR = 5dB, but this is not the case for D2D groups D 4 and D 6 . This is due to the following reasons. First, D2D groups D 4 and D 6 may be paired to a cellular user less often than all the other groups (even if they satisfy their SINR threshold). This is due to their locations being relatively closer to BS 2 and BS 3 , respectively, than the other D2D groups in their respective cells. Thus, they are more likely to cause higher interference to the users in their cells, which makes them less preferred than the other D2D groups. Also, every time D2D groups D 4 and D 6 are excluded from the stable matching solution, they achieve a SINR value of zero. This is also the case for the J-GA-CA-PA scheme, which excludes these two D2D groups if pairing them to a cellular user will prevent that cellular user from meeting its target minimum SINR. Second, since each base-station can be associated with a maximum of one D2D group under Scenario 1, then the other D2D groups that fall within the coverage area of BS 2 and BS 3 may be associated to them before D2D groups D 4 and D 6 , and then no more D2D groups can be associated with BS 2 or BS 3 . Contrarily, it is evident that DR m1 of D2D group D 3 achieves the highest SINR among all D2D groups. This is a direct result of its location being central to all three base-stations (i.e. it falls within the overlapping area of all base-stations). In turn, it has higher possibility of being paired to a user within any of the three cells. As for Scenario 2, it is clear that DR m1 for all D2D groups achieves the target minimum SINR. This implies that with the increase in the maximum number of D2D groups that can be associated with each base-station, D2D groups D 4 and D 6 are being associated more often with base-stations BS 2 and BS 3 , respectively, which significantly improves their average SINR values. On the other hand, it is evident that the SINR values of DR m1 , ∀D m ∈ D are higher under Scenario 2 than Scenario 1. This is because under Scenario 2, more D2D groups can be associated with each base-station (and cellular user), which is interpreted as the D2D groups receiving zero SINR less often than in Scenario 1. Fig. 5 demonstrates the average SINR of D2D receiver DR m2 (i.e. the D2D receiver with worse channel conditions), ∀D m ∈ D. Particularly, under Scenario 1, one can see that DR m2 of D2D group D 3 is the only receiver that meets the target minimum SINR of 5 dB, for all SP-DG-SM, SP-BS-SM, and J-GA-CA-PA schemes. However, under Scenario 2, D2D receiver DR m2 of all D2D groups achieves the target minimum SINR. As before, under Scenario 2, the average SINR is never worse than Scenario 1. Generally speaking, both DR m1 and DR m2 receivers of D2D groups D 2 , D 3 and D 5 have relatively higher average SINR values than the other D2D groups, and this is because D 2 and D 5 fall into the overlapping region of two base-stations, while D 3 falls into the overlapping region of all three base-stations. In summary, a D2D group falling into the coverage area of two or more base-stations is more likely to be paired with a cellular user from any of the base-stations, which improves its average received SINR value.
In Fig. 6 , the percentage of base-station association per D2D group under Scenario 1 is illustrated. It is clear that only D2D groups D 1 , D 2 and D 3 can be associated to base-station BS 1 . Similarly, for base-station BS 2 , only D2D groups D 3 , D 4 and D 5 can be associated to it. Moreover, D 2 , D 3 , D 5 , and D 6 are the only D2D groups that can be associated with base-station BS 3 (i.e. all in alignment with Table II ). It is also evident that the percentages of base-station association of the SP-DG-SM, SP-BS-SM and J-GA-CA-PA schemes are generally in agreement, with the discrepancy being the result of the different schemes not necessarily yielding the same (D2D group, user) pairings, or D2D group and base-station associations. As for Scenario 2, similar observations can be made in Fig. 7 . But more importantly, the average association of each D2D group under Scenario 2 is relatively higher than under Scenario 1. This is because under Scenario 2, more D2D groups can be associated with each base-station (since ξ q = 3, ∀BS q ∈ B). Notably, the percentage of base-station association of D2D group D 6 has significantly improved in Scenario 2 in comparison to Scenario 1, which explains the improvement in the average SINR values of its receivers. Generally speaking, the matching algorithms themselves do not necessarily yield the same stable matching solutions, despite the use of the same solution procedure. This can be seen from Fig. 8 , where under Scenario 1, about %75 of the time both algorithms yield the same stable matching solution; while under Scenario 2 both algorithms yield the same stable matching solution about %42.5 of the time. This is attributed to the fact that the DG-SM algorithm yields D2D-groupoptimal stable matching solutions, while the BS-SM algorithm yields base-station-optimal stable matching solutions (as per Lemma 4) . Clearly, increasing the maximum number of D2D groups that can be associated with each base-station increases the possibility of obtaining different stable matching solutions. Fig. 9 illustrates the percentage of D2D group unassignment under the different schemes and scenarios. Under Scenario 1, it can be seen from Fig. 9a that the SP-DG-SM and SP-BS-SM schemes yield comparable percentage of D2D group unassignment to that of the J-GA-CA-PA scheme. Moreover, it is evident that D2D group D 3 is the group with the least percentage of unassignment, which is followed by D2D groups D 2 and D 5 . It is also clear that D2D group D 6 is unassigned the most, followed by D2D groups D 4 and D 1 , respectively. This explains the relatively lower average SINR for D2D receivers DR m1 and DR m2 for these groups, as shown in Figs. 4 and 5. Similar observations to Scenario 1 can be made under Scenario 2 (see Fig. 9b ). Remarkably, the percentages of unassignment of D2D groups dropped significantly when compared to Scenario 1, and this is due to the fact that under Scenario 2, more D2D groups can be associated with each base-station.
To shed light on the difference between the proposed SP-DG-SM and SP-BS-SM schemes in comparison to the J-GA-CA-PA scheme, Fig. 10 shows the average network sum-rate under Scenarios 1 and 2. Specifically, Fig. 10a illustrates the resulting average network sum-rate under Scenario 1, where it can be seen that the J-GA-CA-PA scheme is superior to the other two stable matching algorithms (at the expense of significantly higher computational complexity, as per Remark 4). Moreover, it is evident that the SP-BS-SM scheme yields slightly better average network sum-rate than its SP-DG-SM counterpart scheme. This also applies to Scenario 2, where a similar observation can be seen in Fig. 10b . It is also noticed that the network sum-rate of the different schemes is relatively higher in Scenario 2 than in Scenario 1. This is due to the fact that more D2D groups can be associated with base-stations, which improves the overall network sum-rate. It should be noted that the inferior sum-rate performance of the proposed matching algorithms in comparison to the J-GA-CA-PA is attributed to the following. Enforcing stable matching between the D2D groups and users is not necessarily optimal with respect to the network sum-rate (i.e. results in some sub-optimality in terms of the resulting SINR for the cellular users and the D2D groups). More specifically, a (D2D group, user) pair may form a blocking pair under any of the matching algorithms, and thus is eliminated from the resulting stable matching solutions; while that pair may be formed under the J-GA-CA-PA scheme, since it does not account for stability among the D2D groups and cellular users (as per Remark 13).
Last-but-not-least, in Fig. 11 , the average number of iterations under the DG-SM and BS-SM algorithms for both scenarios is illustrated. It is evident that the DG-SM algorithm requires more iterations than the BS-SM algorithm, with the average number of iterations under Scenario 2 being slightly higher than under Scenario 1. Remarkably, both algorithms under both scenarios require on average less than 8 iterations, and thus can be executed efficiently. Moreover, for the simulated network topology, the SP-MO-SINR-MAX-PA requires a total of 9, 9, and 12 iterations at base-stations BS 1 , BS 2 , and BS 3 , respectively, to determine the potential pairings for all possible (D2D group, user) pairs (as per Remark 10). Thus, the SP-MO-SINR-MAX-PA along with the proposed matching algorithms can be executed efficiently, while the J-GA-CA-PA scheme is NP-complete (i.e. computationallyexpensive), as per Remark 4. Based on the average network sum-rate results in Fig. 10 , and the average number of iterations in Fig. 11 , it can be concluded that for the simulated network topology, the SP-BS-SM scheme yields better network sum-rate, and requires less average number of iterations than the SP-DG-SM scheme. Lastly, the proposed matching algorithms with the SP-MO-SINR-MAX-PA significantly reduce the computational complexity-in comparison to the J-GA-CA-PA scheme-at the expense of some suboptimality, which poses a reasonable tradeoff.
VII. CONCLUSIONS
In this paper, the problem of joint D2D group association and channel assignment in uplink multi-cell NOMA networks has been studied. Specifically, a solution procedure for multi-objective SINR-maximizing power allocation has been devised to determine the preference of D2D groups over the potential cellular users, and also the preference of base-stations over the potential (D2D group, user) pairs, while accounting for interference and QoS requirements. After that, two polynomial-time complexity stable matching algorithms are proposed to associate D2D groups with base-stations and pair them with cellular users. The proposed matching algorithms and the devised solution procedure are shown to efficiently yield comparable SINR-per cellular user and D2D receiver-to the J-GA-CA-PA scheme, while maintaining QoS requirements.
